Molecular oxygen (O 2 ) acts as an electron acceptor in glucose oxidase (GOD)-catalyzed oxidation of glucose, and is reduced to H 2 O 2 .
Molecular oxygen (O 2 ) acts as an electron acceptor in glucose oxidase (GOD)-catalyzed oxidation of glucose, and is reduced to H 2 O 2 .
1) Thus, colorimetry in the visible range as one of the most useful tools for GOD-dependent analyses of glucose has been achieved with color reactions induced by H 2 O 2 in the presence of an additional enzyme such as catalase or peroxidase.
2) Indicator reactions for colorimetry are recognized as well-designed chemical processes. However, H 2 O 2 -independent colorimetry for glucose determination seems worth developing, because such methods would be simpler and more practical than H 2 O 2 -dependent colorimetry, and would be free from complications caused by electron donors present in biological fluids.
2) Many compounds have been shown to reoxidize the reduced form (GOD red ) of GOD in place of O 2 . [3] [4] [5] [6] [7] [8] However, most of them are employed for GOD-dependent analysis of glucose in cooperation with not a colorimetric but an electrochemical technique. To our knowledge, only phenazine ethosulfate was demonstrated to be a suitable dye for H 2 O 2 -independent enzymatic colorimetry of glucose; it functions as the sole electron acceptor instead of O 2 , and is transformed to its reduced form detectable in the visible range. Resorufin anion (1 Ϫ ) exhibits strong absorption (l max 571 nm, e 4-7ϫ10 4 ) 9,10a, d, f) and emission (excitation maximum at 563 nm and emission maximum at 587 nm in pH 7.4 buffer) 10g) at wavelengths Ͼ550 nm, where potential interference in analysis of colored or turbid serum components can be avoided. 11) Thus, enzymatic consumption and release of 1 Ϫ have been used as indicator reactions for spectrophotometric analyses. [10] [11] [12] On the other hand, the phenoxazin-3-one skeleton of 1 can be regarded as an analogue of dyes working as an electron acceptor in GOD-catalyzed oxidation of glucose such as Meldola's blue and methylene blue. 8c) Taking the spectrophotometric and structural property of 1 into consideration, it is expected that 1 has potential utility not only as an electron acceptor but also as a spectrophotometric indicator for H 2 O 2 -independent colorimetry of glucose. However, no study has been done to elucidate this possibility of 1, as far as we are aware. Here, we report that 1 functions as an electron acceptor with a color change in GOD-catalyzed oxidation of glucose under certain conditions. Although it was indicated that the observed behavior of 1 will not find direct application to H 2 O 2 -independent enzymatic analysis of glucose, the present results should give a clue for developing novel indicators with 3H-phenoxazin-3-one skeletons for GOD-dependent colorimetry of glucose.
Results and Discussion
Aqueous solution of 1 Ϫ (0.3 mM, as sodium salt) was an intense pink color. When aq. GOD (4.0 mg/ml) and aq. glucose (10.0 mM) solutions were added to a solution of 1 Ϫ , the color gradually faded and the mixture became colorless after incubation at 36°C for 10 min (Chart 1). The color of 1 Ϫ was not affected by treatment with GOD alone under these conditions. A similar color regression took place on reaction of 1 Ϫ with GOD and glucose under anaerobic conditions, and no color change was observed on reaction of 1 Ϫ with H 2 O 2 . Thus, 1 might be useful as an H 2 O 2 -independent indicator in enzymatic analysis of glucose employing only GOD. It should be mentioned here that the bleached mixture returned to its original color when the incubation was continued for more than 30 min under aerobic conditions. Similar phenomena have been reported on reaction of 1 with NADPH and NADPH-cytochrome reductase at physiological pH, where 1 exists predominantly as 1 Ϫ . 13, 14) In this enzymatic reaction under aerobic conditions, the absorbance at 570 nm due to 1 Ϫ decreased markedly within a few min-utes, and was restored to the original value after incubation for 15 min. 13) It has been proposed that 1 rather than 1 Ϫ serves as an electron acceptor in the enzymatic oxidation of NADPH, being reduced to colorless dihydroresorufin (2) 13, 14) which is reoxidized to 1 by dissolved oxygen (DO) after NADPH is totally consumed. 13) Thus, a similar reaction mechanism may explain our findings: a catalytic cycle of glucose oxidation with GOD seems to be established in the presence of 1, while the dye is reduced into 2. This is the first report to show that 1 functions as an electron acceptor with a color change in GOD-catalyzed oxidation of glucose.
The reaction of 1, glucose, and GOD was studied in more detail by a fluorometric method. Commercially available 1 seemed to contain some impurities, and hydrolysis of acetyl resorufin purified by recrystallization was recommended as the best way to obtain pure 1. 9) A CH 3 CN solution of acetyl resorufin (1.0 mM) was diluted 1000-, 500-, 200-, 100-fold with phosphate buffer (pH 7.4, 0.1 M) . By allowing the resulting solution to stand overnight, a solution of 1 (1.0, 2.0, 5.0 or 10.0 mM) was obtained. It was confirmed by measurement of UV-visible spectra that acetyl resorufin (l max in CH 3 CN, 344 and 435 nm) was totally hydrolyzed to 1 (l max , 572 nm; e, 7.2ϫ10 4 in phosphate buffer) by standing in phosphate buffer for several hours. Solutions of glucose and GOD were also prepared with the phosphate buffer. Reaction of 1, glucose, and GOD was initiated by addition of glucose to a mixture of 1 and GOD, where each of the solutions was combined in the same volume, usually 1.0 ml. All fluorometric measurements were carried out with 568 and 582 nm as excitation and emission wavelengths, respectively, and were set in from 30 s after initiation of the enzymatic reaction.
To establish fluorometric conditions useful for analysis of glucose using a color change due to consumption of 1, effects of the concentrations of 1 and GOD as well as reaction temperature on fluorometric changes in the present enzymatic reaction were examined. Mixtures of 1 (5.0 mM), glucose (2.0 mM), and GOD (4.0 mg/ml) were incubated in a fluorometric cell at 24, 27, 30, 33 or 36°C (Fig. 1) . Incubation even at 24°C afforded a regression curve, indicating that the enzymatic reaction consumed 1 even at this temperature. However, the clearest change in the fluorometric trace was observed with incubation at 36°C. All enzymatic reactions for further examinations were carried out at this temperature. Figure 2 summarizes the effects of the concentration of 1 on fluorometric changes during the enzymatic reaction with 2.0 mM glucose and 4.0 mg/ml GOD. Taking the solubility of 1 in phosphate buffer and detection limit of the fluorometer into consideration, concentrations of 1 between 1 and 10 mM were screened. A regression curve with a larger change in fluorescence intensity was observed as the concentration of 1 was increased. Similarly, the larger changes in fluorescence intensity were observed with higher concentrations of GOD during the enzymatic reaction with 5.0 mM 1 and 2.0 mM glucose (Fig. 3) . These results indicated that a system using 10.0 mM 1 and 6.0 mg/ml GOD would provide the largest sensitivity in fluorometric detection of glucose under the conditions employed. However, an analysis system with reagents in much smaller amounts would be better, especially as a routine method. A color change reaction with 5.0 mM 1 and 4.0 mg/ml GOD seemed to be useful for detection of glucose. Accordingly, we attempted to establish a fluorometric method for glucose analysis using the enzymatic reaction with 1 and GOD at these concentrations. 0.8 mM) was incubated at 36°C. In the incubation with 0.7 mM glucose, no changes were observed in fluorescence intensity, indicating that 1 was not consumed in the enzymatic reaction. The enzymatic reactions with 0.5 and 0.6 mM glucose afforded essentially the same traces. In contrast with these results, the fluorescence intensity was gradually regressed in the reaction with 0.8 mM glucose, suggesting that 1 entered the enzymatic reaction and was gradually reduced to the non-fluorometric compound 2. A regression trace was also obtained when the incubation was performed with 0.9, 1.0, 1.1, 1.2, 1.5, 2.0, or 10.0 mM glucose, which is not included in Fig. 4 for simplicity. Interestingly, no relationship was observed between glucose concentrations and changes in fluorescence intensity. When glucose at more than 0.8 mM was subjected to the enzymatic reaction, almost the same traces were afforded in all cases. The regression trace obtained in the reaction with 0.8 mM glucose was nearly superimposed on that observed even with 10.0 mM glucose. The results described above indicated that the incubation of a mixture of 1, glucose, and GOD resulted in only two types of fluorometric behavior depending on whether 1 enters the enzymatic reaction.
Variation in the lower limit of glucose concentration affording a regression curve was recognized when the fluorometric experiments were repeated on different days under essentially the same conditions. The results of several sets of experiments demonstrated that a regression curve was invariably observed when glucose at more than 1.0 mM was used, while 1 always remained intact in the enzymatic reactions with glucose at less than 0.7 mM. This rule held even when the concentrations of 1 and GOD were changed.
The observed variation in glucose concentration determining whether 1 was reduced through the enzymatic reaction seemed to stem from a daily variation in the amount of DO in the media. In fact, when a mixture of 1 (5.0 mM), glucose (0.5 or 2.0 mM), and GOD (4.0 mg/ml) was incubated at 36°C under anaerobic conditions, only one type of fluorometric trace was noted as shown in Fig. 5 . As mentioned above, incubation with 0.5 mM glucose under aerobic conditions induced no changes in fluorescence intensity during the enzymatic reaction, while 2.0 mM glucose invariably allowed the reaction to consume 1. These results suggested that the amount of DO is a determinant of which fluorometric behaviors are exhibited by the present enzymatic reactions under aerobic conditions.
To evaluate the role of DO, changes in its amount were followed during the incubation of a 1 : 1 : 1 mixture of 1 (5.0 mM), glucose (0.5 or 2.0 mM), and GOD (4.0 mg/ml) at 36°C under aerobic conditions for 1 h. The results are shown in Fig. 6 . Regardless of the glucose concentration, DO was rapidly consumed as soon as the enzymatic reaction was initiated, suggesting that GOD-catalyzed oxidation of glucose seems to prefer DO to 1 as an electron acceptor under these conditions. In the reaction with 0.5 mM glucose, the amount of consumed DO was about 163 mM. Note that the glucose concentration in the reaction cell was 167 mM (one third of 0.5 mM) in this case, and glucose had been completely consumed. Thus, no participation of 1 in this enzymatic reaction was observed on the fluorometric trace even after prolonged incubation (Fig. 7) . In the enzymatic reaction with 2.0 mM glucose (667 mM in the reaction cell) under aerobic conditions, DO was almost totally consumed within 1 min after initiation, the amount being about 220 mM. DO level was kept at ca. 1 mM and began to gradually rise about 40 min after incubation (Fig. 6) . In this case, consumption of 1 began as soon as the enzymatic reaction was initiated as shown in Fig. . After about 80% of 1 was consumed, its level remained constant for 20 min then began to gradually increase, reaching another constant value 40 min after initiation of the reaction. It is worthy of note that the results in Figs. 6 and 7 were quite reproducible. The observation supports that the enzymatic reactions transforms 1 into 2, which is reoxidized into 1 by O 2 supplied from the atmosphere into a fluorometric cell after most glucose is consumed, similar to the reaction of 1, NADPH, and NADPH-chytochrome reductase mentioned above. 13, 14) Why fluorescence intensity did not recover to the original level in the enzymatic reaction is not clear.
Quantitative elucidation of the efficiency of 1 as an electron acceptor in GOD-catalyzed oxidation of glucose was attempted. The scheme shown in Chart 2 describes the plausible present reaction sequence. Under anaerobic conditions, reactions (3) and (4) can be ignored, allowing quantitative evaluation of reaction (2) . However, it was remarkably difficult to carry out the incubation of a mixture of 1, glucose, and GOD for a longer time under anaerobic conditions. Even when the incubation using carefully deoxygenated buffer solutions of 1, glucose, and GOD was carried out in a cell room of a fluorometer purged with N 2 gas, a fluorometric trace similar to that obtained for 2.0 mM glucose was afforded, although the period of a first plateau was prolonged. This observation as well as the results in Fig. 7 indicated the following points: (i) under severely deoxygenated conditions, a small amount of O 2 is supplied from the atmosphere to the incubation media, by which reactions (3) and (4) are brought about; (ii) the extent to which reactions (3) and (4) participate in the reaction sequence is similar between the incubations under aerobic and carefully deoxygenated conditions; (iii) the enzymatic reaction under aerobic conditions can realize nearly anaerobic conditions through a rapid consumption of DO in a medium as soon as the incubation is started. Therefore, reaction (2) was semi-quantitatively evaluated from a fluorometric trace obtained by the incubation of a mixture of 1, glucose, and GOD under aerobic conditions, ignoring a small supply of O 2 from the atmosphere, namely, reactions (3) and (4).
GOD-catalyzed oxidation of glucose is known to follow a ping-pong type mechanism, 16) which is also applicable to the present case. When the whole process shown by reactions (1) and (2) in Chart 2 is assumed to be in a steady state as suggested by the same types of reactions with other dyes, 8c) the total concentration of GOD ([GOD total ]) can be expressed by:
where [GOD red ], [glucose] and [1] are concentrations of GO-D red , glucose and 1, respectively, and k 1 , k Ϫ1 , k 2 , and k 3 are rate constants of the steps shown in Chart 2. The rate (n) for consumption of 1 is given by:
When Eq. (1) is divided by Eq. (2), n is expressed by:
Under the conditions that reaction (1) is much faster than reaction (2) and [glucose]Ͼ Ͼ [1] , Eq. (3) is transformed into:
Thus, the consumption of 1 obeys pseudo-first order kinetics, being consistent with the results in Figs. 2-5 . Accordingly, the apparent rate constant k obs ϭk 3 [GOD total ] was estimated from a linear transformation between incubation time (t) and ln(I t ϪI ∞ ): I t and I ∞ are fluorescence intensities at t and ∞ sec after incubation, respectively. As I ∞ , an average fluorescence intensity at a first plateau region from 20 to 30 min after incubation as seen in Fig. 7 was used. Incubation was carried out for a mixture of 5.0 mM glucose, 3.0 mg/ml GOD, and 5.0 mM 1 under essentially the same procedure and conditions as the case in Fig. 7 . A linear relationship between t and ln(I t ϪI ∞ ) was observed from 3 to 20 min after incubation, correlation coefficient being 0.998. The slope (k obs ) of the correlation line was divided by [GOD total ], to give 6.6ϫ10
Since reaction (4) was ignored, the estimated k 3 is a minimum value.
Similarly, k 4 for O 2 was also estimated to be 1. Under the present conditions, the amount of DO in phosphate buffer lies between 0.22 and 0.28 mM. As a rate constant for reoxidation of GOD red , O 2 possesses more than 200-fold larger value than 1. These facts clearly demonstrate that 1 does not enter the enzymatic reaction until DO is almost consumed through GOD-catalyzed oxidation of glucose. Ac- cordingly, it is estimated that the enzymatic reactions with less than 0.66 mM glucose in the stock solution, which corresponds to 0.22 mM in the reaction cell, induce no consumption of 1, while in GOD-catalyzed oxidation of glucose at more than 0.84 mM, 1 invariably served as an electron acceptor with a change in fluorescence intensity. This estimation is consistent with the observed phenomena in the present enzymatic reaction under aerobic conditions: glucose at less than 0.7 mM induced no change in fluorescence intensity, while glucose at more than 1.0 mM allowed 1 to be reduced to nonfluorecsent 2 by GOD red . Thus, the fate of 1 in the enzymatic reaction described here under aerobic conditions was dictated by whether the concentration of glucose added to the reaction cell exceeded the amount of DO.
To evaluate the utility of 1 as an electron acceptor in GOD-catalyzed oxidation of GOD, a kinetic datum for reaction (4) as well as that for reaction (2) is important. This is because the balance between reoxidation of GOD red by a dye and reoxidation of the reduced form of a dye by DO is a determinant of how usefully a dye serves as an indicator in GOD-dependent colorimetry. In this study, the reoxidation of 1 into 2 could not be quantitatively evaluated. Accordingly, using the value of k 3 , only the ability of 1 as an electron acceptor was compared with some other dyes. Rate constants for reoxidation of GOD red by methylene blue, Meldola's blue, and methylene green are reportedly 1.3ϫ10 3 , 1.9ϫ10 4 , and 5.5ϫ10
, respectively. 8c) These values are much larger than k 3 for 1. From the viewpoint of an electron acceptor, it is unlikely that 1 serves as a better electron acceptor for GOD-catalyzed oxidation of glucose than these dyes.
In conclusion, 1 was shown to act as an electron acceptor in GOD-catalyzed oxidation of glucose, provided that glucose at a concentration of more than 1.0 mM is subjected to the enzymatic reaction. However, the bleaching process through transformation of 1 into 2 exhibited no dependence on glucose concentration. This is ascribed to the relatively small value of the rate constant for 1 to reoxidize GOD red . Although 1 was shown not to be useful as an indicator for GOD-dependent analysis of glucose, the present results have implied that properly designed dyes with 3H-phenoxazin-3-one skeletons will serve as a novel type of electron acceptors applicable to H 2 O 2 -independent enzymatic analysis of glucose. Further studies are currently underway to explore derivatives of 1 as alternative indicators available for enzymatic analysis of glucose.
Experimental
Reagents and sample solutions Resorufin sodium salt was purchased from Aldrich and used without further purification. GOD from Aspergillus niger (EC 1.1.3.4) and glucose were used as supplied. A solution of 1 (1.0, 2.0, 5.0, or 10.0 mM) was prepared as follows: a CH 3 CN solution of acetyl resorufin (1.0 mM) was diluted 10-fold with phosphate buffer (0.1 M, pH 7.4; Na 2 HPO 4 ϩNaH 2 PO 4 ); the solution was further diluted 10-, 20-, 50-, or 100-fold with phosphate buffer; the resulting solution was allowed to stand overnight. Acetyl resorufin 16c,19) was prepared by reaction of 1 with acetic anhydride in pyridine at room temperature and recrystallized from ethyl acetate.
20) All other chemicals were of reagent grade and were used without further purification. Deionized and distilled water was used throughout the present study. CH 3 CN was of HPLC grade. All solutions of glucose and GOD were prepared in phosphate buffer (0.1 M, pH 7.4; Na 2 HPO 4 ϩ NaH 2 PO 4 ). Glucose solutions were stored overnight to allow equilibration of a-and b-anomers.
Apparatus and procedures All fluorometric measurements were carried out using a JASCO Model FP-750 spectrofluorometer equipped with a JASCO ETC-272 Peltier thermostatted single cell holder. Each solution of 1, GOD, and glucose in 1.0 ml was added to a cuvette (10ϫ10ϫ45 mm) in the cell holder in this order with stirring at 500 rpm. Measurement of the fluorescence at excitation and emission wavelengths of 568 and 582 nm, respectively, was started 30 s after addition of glucose solution. For measurements under anaerobic conditions, each solution was added to a cuvette after N 2 gas was passed through for several minutes, and fluorometry was performed under an N 2 atmosphere. A DO level was determined using a Horiba OM-14 DO meter equipped with a Horiba 5420 DO electrode. All measurements of the amount of DO in the reaction mixture were carried out by a procedure similar to that used for the fluorometric measurements except that solutions of 1, GOD, and glucose were combined in a final volume of 30.0 ml.
